The point-chart approximation of the Miertus-Scrocco-Tomasi solvation model (MST-PC) based on a continuum representation of the solvent has been incorporated in force field calculations. Application in molecular mechanics (MM) involves conformational equilibria in solution: rotational isomers of ethylene glycol (I), 1,2-difluoroethane (10, fluoroacetic acid (110, and representative conformers of macrocyclic receptors such as 18-crown-6 (IV), cryptand 2.2.2 (V), and t-butyl-calix Am. Chem. SOC., 1990, 112, 6127) (for I-VI), and with average solute-solvent interaction energies obtained from molecular dynamics (MD) simulations with explicit solvent in water (I-VI) and in acetonitrile (IV-VI). It is demonstrated that the continuum solvent model qualitatively reproduces the trends in solvation energies in water. The few exceptions may be related to particular topological features of the solute. An improved discrete/continuum approach in which some first-shell solvent molecules are considered as a part of the solute embedded in the dielectric continuum provides more realistic results, as is
Introduction
n recent years there has been considerable in-I terest in the interpretation and computer representation of solvent effects on the conformational properties of molecules.'-' The methods to study molecular solvation can be broadly classified into those based on discrete or on continuum models of the solvent. In discrete models all solvent molecules are treated explicitly and simulated either by molecular dynamics (MD) or Monte Carlo (MC). These methods provide the microscopic pictures of the solution and a variety of related thermodynamic and kinetic properties. Because they require significant computation times, efforts are made to develop less expensive approaches based on the macroscopic representation of liquids.
The continuum methods consider the interaction of the solute with the solvent represented by a homogeneous dielectric continuum. Among them, the boundary element (BE) methods' have received much attention. They consider the solute embedded inside a cavity in the dielectric continuum. The problem of obtaining the media reactive field is reduced to the calculation of surface charges at the dielectric boundaries. Solvation is treated as an electrostatic interaction between the solute and its polarized cavity. Such a methodology was intensively used in the works of Huron, Claverie et a1.,10-14 Levitt,15 Rashin,I6-" Zauhar and Morgan,"-" and Vorobjev et a1."
The BE approach has a number of advantages compared to the finite difference method (FDM),9,23,24 which is widely used to study electrostatics effects in solution within a continuum model. The number of volume elements required in the FDM increases rapidly with the size of the system under investigation, whereas in the BE method the number of elements increases more slowly because only the surface of the solute rather than its volume is being modeled. The reaction field is directly computed in BEM from the distribution of the surface-charge density; it cannot be directly computed in FDM.
At the beginning of the 1980s, Miertus, Scrocco, and Tomasi (MST) elaborated a version of the BE modelZrz6 in which the effective solvent operator is defined in such a way as to permit a direct representation of the multipole-multipole interactions to all orders. It uses cavities of any shape, defined as an ensemble of interlocking spheres centered on the atoms of the solute. This model was originally designed within the framework of RHF-SCF-MO-LCAO nonempirical quantum mechanical calculations (MST-QM). The numerous applications of the MST-QM approach concern absorptionz7 and vibrational28 spectra, and conformational stability3' of the solutes in pure solvents. Tomasi et al. 33 extended that method for two-phase liquid-liquid systems and for anisotropic solvents. An incorporation of the MST approach into semiempirical MNDO and AM1 quantum mechanical calculations has been recently r e p~r t e d ?~-~~ Other versions of the continuum model were effectively used in quantum mechanical calculations of R i~a i l ,~~,~' Truhlar?' and others (see ref. 40 for a review). These models do not take into account solvent-solvent interactions explicitly but represent the solute-solvent electrostatic interactions.
The application of the MST-QM to calculate molecular geometry in solution4' is limited by the number of atoms of the solute. Therefore, attempts have been made to couple a classical part of the MST method with a force field representation of the energy of the solute. This can be achieved by simplifying the calculation of the solute-solvent interaction energy for applications in the molecular mechanics, molecular dynamics, or Monte Carlo simulations.
Recently the MST method in the point-charge approximation (MST-PC) was used to calculate solvation energies of rotational isomers of 1,2-ethanedi01~~ and different conformers of 1,2-ethanediol d i f~r m a t e .~' ,~~ In ref. 43 , the conformational energy of the solute was computed using the MM2 force fieldM without energy minimization, and the MST-PC solvation energies were compared with MST-QM values.
Some recent applications in MM, MC, and MD of continuum models different from the MST one should be noted. Allinger et al.'=46 proposed the "Induced Dipole Moment and Energy" method (coupled with the IMM2 programM) to calculate the solvation energies of neutral solutes in spherical cavities. Sklenair et a1.6 have developed the FIESTA method, which calculates solvation energies of charged solutes taking into account counterion effects. In contrast to finite difference method?24 the integration grid in FIESTA is associated with atomic volumes. S o~m p a s i s~~~~~ incorporated in the AMBER software an analytical approximation for the potential of mean force for treating ionic effects of biomolecular structures in solution. Westhof and F r i t s~h~~, " added to AMBER the sigmoidal dielectric function suggested by Lavery" to perform MD simulations of nucleic acids. Zauhar incorporated the polarization-charge technique into the CHARM packages2 and used it for a MM calculation of a tri~eptide.'~ This approach uses cavities of arbitrary shape and harmonic constrains to mimic solvation forces. Beveridge et al.54-s6 used a combined discrete/continuum model in MC simulations of ion hydration.
Efforts have been made recently to use the continuum model in molecular dynamics. Thus, Sharps7 has incorporated solvent effects into the MD procedure using finite difference method.' To our knowledge, there are no publications concerning the application of the BE approach in MD simulations.
Recently Still et a1.58,59 developed the GB/SA, method in which the solvation energy is calculated as a sum of a term which corresponds to van der Waals and cavitation energies (proportional to solvent accessible "SA" surface) and a solute-solvent electrostatic polarization term (written in the form of a generalized Born "GB" equation). This approach was incorporated in the MacroModel program.60
In this article we report several tests of the MST-PC approach incorporated in MM or MD to calculate geometries and energy parameters of molecules in solution. We focus on the following questions: In this article we focus on the solvent--solute interactions rather than enthalpy or free energy of solvation, which include solvent-solvent interactions.
We have performed MM calculations based on the MST-PC model on different conformers of ethylene glycol (I), 1,2-difluoroethane (II), fluoroacetic acid (1111, 18-crown-6 (IV), cryptartd 2.2.2 (V), and t-butyl-calix [4] arenetetraamide I~VI) to study the conformational equilibria of compounds with different topology in aqueous and in acetonitrile solutions.
JOURNAL OF COMPUTATIONAL CHEMISTRY
Molecules 1-111 are small enough to perform test calculations by the MST-QM method and MD simulations in a bath of explicit solvent molecules. Solvation of IV-VI in water and in acetonitrile has been explicitly studied by MD and MC simulations.4,61-63 To investigate the hydration of some conformers of 18-crown-6, several MD simulations in water have been rerun in this work.
We investigated the influence of empirical parameters of the MST-PC method on the solvation energies by performing MM calculations on phosphoric acid in tetrahydrofuran (THF) solution.
The possibility of applying the MST-PC model in MD simulations is discussed on the basis of the results obtained for urea and 18-crown-6 in water.
Finally, we have performed calculations on I-VI by the GB/SA met hod@' to compare hydration energies obtained in different continuum models.
The MST Model in Ab Initio and

Point-Charge Approximations
CALCULATION OF THE SOLVATION ENERGY
The solute (MI, represented by interlocking spheres centered on the atoms of M, is embedded into a cavity in a homogeneous dielectric continuum. In the original version (MST-QM),25,26 the solute-solvent interaction is described via the Hartree-Fock equations, whose Hamiltonian H = H " + V, includes both zmuo ( H o ) and solvent
The effective solvation potential V, is defined there is a semiclassical approximation (i.e., taking into account only the Coulombic and polarization terms of the solute-solvent interaction and representing the solvent as a continuum with a dielectric permittivity E ) . V, is obtained from the charge distribution a ( s ) over the surface of the cavity. The relationship for calculation of a( s) is
where the derivative of the potential is computed along the inner normal to the cavity. At the point s, the two components V, and V, of the electrostatic potential correspond, respectively, to the charge distribution ,yM(r) of the solute and to the cavity charge distribution a ( s ) . The latter is calculated by an iterative self-polarization procedure putting V, = 0 for zero approximation to obtain ao(s). Then, V, and a ( s ) are calculated iteratively until consistency is reached.
The calculations performed for a limited number of points s lead to point charges 9k placed at the center of kth cavity fragment of area ASk:
Finally, the effective electrostatic potential is In the MD simulations, solvation forces on atoms (or energy derivatives in MM) due to the tesserae charges were evaluated analytically according to the Coulomb law. We did not take into account the solvent pressure f o r~e s :~,~~,~~ which are more important for charged and flexible solutes than for the neutral and relatively rigid molecules considered here.
DETERMINATION OF THE SHAPE AND SIZE OF THE CAVITY
The cavity is defined by the ensemble of intersecting spheres centered on the atoms of the solute.% Each sphere is represented by the pentakisdodecahedron with 60 triangle faces (tesserae). When two spheres intersect, the triangles of the first one situated inside the second one are eliminated. To obtain an adequate description of the tesserae at intersections, a further tesserae partition is performed (see Fig. 2 in ref. 66). At each partition level (defined by the parameter ND), each triangular terjsera is divided into four equivalent triangles. For example, for the first level the original tessera is, not divided; for the fifth level ( N D = 51, it is divided into 44 = 256 triangles. The surface is described by a number of such triangles, which are then grouped into a unique patch. The van der Waals radii of the solute atoms were scaled by 1.2 to obtain optimal ~a v i t y . '~,~~ To describe the solvent-excluded volume, the program creates iteratively additional spheres, which are then treated as the original ones, until the radius of the additional sphere is less than X, , , (see 
Computation Procedure SOFTWARE FOR MOLECULAR MECHANICS APPROACH INCORPORATED
The program package MM21S6' performs molecular mechanics calculations of rather complex systems (molecules, associates, complexes, etc.) in solution using a continuum or discrete/continuum representation of the solvent. The total energy of the solute is presented as a sum of intrinsic ( Eintra), intermolecular ( Einter), and solvation ( Esolv terms.
Eintra calculated using the MM2 force fieldM includes deformation energies of bonds and angles and dihedral and noncovalent interactions within the solute. Elnter describes noncovalent interactions within the first solvation shell of the solute with a modified69 Claverie force field7' as a sum of electrostatic (Ees), polarization (E,,,), and van der Waals ( E,Dw) terms:
CALCULATIONS WITH THE MST-PC (7)
Ee, is calculated in the point-charge approximation. Epol is computed7' as follows:
where F, is the electric field at the atom j , and atomic polarizabilities aj are calculated using an additive scheme proposed in ref. The gas-phase calculations of the crown ethers, phosphorus-containing mono-and polyyodands, and their complexes with alkali cation and ion pair aggregate^^^*^^-^^ showed the reliability of the combined MM2 + Claverie force field, thus allowing its application to related complex molecular systems.
The solvation energy Esolv is calculated in terms of the MST-PC approach according to eqs. (11, (2) , (3), and (6). Some subroutines from the MGPISA software78 are used in MM2IS to calculate the geometry of the cavity and charges on the tesserae. All force field parameters are stored in the DATA file and can be easily modified. We used the dielectric permittivities 78.5, 37.5, and 7.58 and densities 1.0, 0.777, and 0.884 g/mL for water, acetonitrile, and tetrahydrofuran (THF), respect i~e l y .~~ The MD-DRAW software" has been used to visualize the molecular surface of the solutes. Atomic electrostatic potential (ESP) charges'' for 1-111 (Chart I) were obtained by the least-squares method fitting the MNDO molecular electrostatic potential" at the Connolly surface^.'^ ESP charges for IV, V, and VI were taken from refs. 61, 84, and 62, respectively. These sets of charges were also used in the GB/SA calculations of I-VI and MD simulations with AMBER on I-IV in the box of explicit water. A series of the MST-PC calculations was performed on IV with the charges from ref. of a solute may influence relative solvation energies. The MST-PC calculations were performed on rigid solutes (I-VI). A series of calculations was also performed on I and IV with the geometry optimization of the solute.
S O F W A R E FOR MOLECULAR DYNAMICS APPROACH INCORPORATED
The GROMOS softwareE5 has been modifiedE6 to perform MD simulations of molecules situated inside the cavity in a polarized continuum. The subroutines for the calculations of size and shape of the cavity, of the charges on the tesserae, of the forces, and of the solvation energies, which are similar to those in MM2IS, are called from the subroutine FORCE.
The standard parameters of the GROMOS force fields7 were used for urea. 18-Crown-6 was treated in an all-atom model using GROMOS van der Waals and covalent parameter^.^^ The atomic charges from ref. 69 were used for calculations of intramolecular and solute-cavity electrostatic energies.
Covalent bonds involving hydrogen atoms were constrained by SHAKE, allowing a timestep of 2 fs. Energy minimization of the system was followed by 40-80 ps of MD. The temperature was maintained at 300 K by velocity scaling using a relaxation time of 0.1 ps.
SIMULATIONS WITH THE MST-PC MOLECULAR DYNAMICS SIMULATIONS WITH EXPLICIT SOLVENT
Unless otherwise specified, the MD results in explicit water and acetonitrile solutions come from previous work on crown ether IV163,88 cryptand V,63,89 and calixarene VI!r6* For rigid solutes I-IV, an additional 50 ps of MD simulations were performed in a box of about 200 TIP3P9' water molecules at 300 K and 1 atm with AMBER4.91,92
MST-QM CALCULATIONS
These calculations were performed on the syn, gauche, and anti conformers of 1-111 with the STO-3G basis set using the MGPISA ~oftware.~' Standard values of bond lengths and valence angles were used for the starting str~ctures.9~ GB / SA CALCULATIONS These calculations were performed on I-VI using the MacroModel software6' with the same charges and starting geometries of the solutes as in the MST-PC calculations. Tables I through 111 for phosphoric acid PO(OH)I, in THF and 18-crown-6 (D3d) in water show to what extent these parameters influence the computation time and the calculated solvation energies ESolv.
Results and Discussion
It can be seen from Table I that Esolv is not very sensitive to the level of tesserae division ND.
Because the computation time increases with ND, a low value is recommended. torsional angles HO-CC in I and I11 were kept at 180". The results presented in Figure 1 show that the MST-PC method gives the same trend in hydration energies as the more sophisticated MST-QM calculations, displaying better hydration of syn forms of ethylene glycol and 1,2-difluoroethane and the gauche form of the fluoroacetic acid. These results are also consistent with the GB/SA calculations and with MD simulations on 1-111 in water with rigid solute (Fig. 1) . The only difference is found for 11: the syn-form is hydrated better than the gauche-form in MST-PC and MST-QM calculations, whereas MD simulations result in their similar hydration.
18-crown-6 (IV).
Four conformers were compared (Fig. 2) : the D,, (all six oxygens lie almost in the same plane94), C, (extracted from dibenzo-18-crown-6; ref. 95), C, (from the 18-crown-6 -NaNCS complex96), and Ci (free molecule in the solid state97). In the first three conformers the oxygens are more accessible to the solvent than in the Ci conformer?' The results (Table IV) show that the order of MST-PC hydration energies (D,, 2 C, = C, >> Ci) is consistent with the data of MD and MC simulations with explicit solvent.
It has been shown previously that the hydration energy of 18-crown-6 is a function of its conformation and cannot be explained either by its dipole moment or by the surface of heteroatoms accessible to the solvent?' Our calculations support fully this view. Indeed, the D,, and Ci conformers both have zero dipoles, whereas the latter is hydrated much more weakly. Although the solvent-accessi- ble surfaceTf the C, fo? (327 A') is less than that of C j (337 A'), C, (347 A'), or D,, (354 A'), the C,, D,,, and C, conformers are similarly hydrated.
In acetonitrile, the MST-PC model does not reproduce the trend of total solvation energies obtained in MD simulations with explicit solvent. However, it qualitatively reproduces the trend in the related electrostatic components (see Table IV ).
Cryptand 2. 2.2 fV) . We compare the same four typical conformers as simulated previously by MD in water6' and in a c e t~n i t r i l e '~~~~ (Fig. 3) : the "in-in" (11) form with converging nitrogens, the "out-out" (00) and SS forms with diverging heteroatoms, and the K conformer with converging heteroatoms and diverging CH, groups, extracted from K+ cryptate.
In water, MST-PC calculations show a slightly better hydration of the K form compared to the others, whereas according to MD simulations,6' the 11, 00, and SS forms are solvated much less than the K conformer (see Table V ). In acetonitrile, all conformers are similarly solvated both in the MST-PC calculations and in the MD simulations with explicit solvent.63 t-Butyl-Calixf41arenetetraamide (V). As in the previous MD study)62 three conformers were compared: VI(C) with carbonyl groups converging to the C, symmetry axis (Fig. 4a) , VKD) with diverging carbonyls (Fig. 4b) , and VNfree) with two carbonyls converging and the two others diverging (Fig. 412) . Their solvation energies computed both from MD traje~tories~,~' and by the continuum model are presented in Table VI . In water, MD simulations result in a clearly larger solvation of' the VI(C) form, whereas the continuum model leads to a slight preference of the VI(C) over the VI(D) conformer. The VI(free) form is the worst solvated in both models. In acetonitrile, preferential solvation of the VI(C) form is observed in the MD simulation with explicit solvent, but the VI(D) conformer is better solvated in the continuum model. The trends of MST-PC solvation energies calculated by the MST-PC method are not the same as for electrostatic components of solute--solvent interaction energies in MD simulations.
Geometry Optimization In Vacuo and in Solution.
To investigate to what extent the field of the polarized cavity influences the molecular geometry of the solute in the energy minimization procedure, we have compared the optimized structures of ethylene glycol and of macrocycle 18-crown-6 in uacuo and in solution.
MM calculations of ethylene glycol in the gas phase starting from the syn, anti, and gauche forms lead to two minima of 2.0 and 2.5 kcal/mol, which correspond to anti and gauche conformers, respectively. Calculations in water result in three conformers with steric energies 5.7 kcal/mol (syn), 2.5 kcal/mol (gauche), and 2.1 kcal/mol (anti). The torsional OCCO angle of the gauche conformer is 64" in vucuo and 54" in water. Taking into account the solvation energy term in addition to the steric energy term changes the order of relative stabilities. The most stable form is gauche < syn ( A € = 4.5 kcal/mol) < anti ( A E = 10.8 kcal/mol). This largest stability of the gauche form is consistent with MC simulations of Nagy et al.loo,lfll with explicit water. For the syn form however, the MST-PC solvation energies and stabilities are quantitatively exaggerated, probably because of its largest dipole moment. This is inconsistent with expectations and previous theoretical work.'OO,lO' These results clearly show the importance of consistency of the intrinsic energy and solvation energy components of total energy, which probably was not achieved in our calculations.
For macrocycle 18-crown-6, the influence of the continuum solvation on the geometry is small. The compared to MD simulations with explicit solvent. For a given solute, these trends are qualitatively reproduced with different sets of charges and parameters of NL, ND, and Rmin. Thus, calculations on IV with two different sets of charges result in the same order of Ehydr (Table IV) For instance, calixarene VI is better hydrated than crown ether IV and cryptand V. With explicit, as well as with continuum models, the 11, 00, and SS forms of V are better hydrated than the C, conformer of IV but worse than the D,,, C,, and C, conformers of 18-crown-6. The only exception concerns the K form of cryptand, which is hydrated better than IV in the simulations with explicit water, whereas in MST-PC calculations its hydration energy is less negative than that for the D,, conformer of IV (Fig. 5) . The GB/SA continuum model also reproduces the trends in hydration energies of IV-VI obtained in MD simulations with explicit water without exception (see Fig. 5 ). The changes in the GB/SA solvation energies Esolv from one molecule to the other are due mostly to the electrostatic term; the cavitation/van der Waals components of Esolv remained similar for a given solute. The success of this simple approach is surprising given the neglect of self-polarization at the surface of the solute. On the other hand, including such a selfpolarization effect in the more sophisticated MST-PC method may lead to artefacts if the solute has clefts and pockets or if the molecular surface contains concave fragments. This may cause, in particular, poor convergence of the iterative self-polarization pro~edure''~ and hence lead to biased charges on the tesserae and to incorrect Esolv. In fact, the surfaces of the VI(C) conformer of calixarene and of the K form of cryptand V(K) display such concavities (Fig. 7) . It is clear from these considerations that the MST-PC method may meet problems in relation to the particular topology of the solute.
Another limitation of the MST approach is that it restricts solvent-solute interactions to the electrostatic component and neglects the van der Waals contribution. This could explain why it works reasonably well for aqueous solutions but not for acetonitrile (Fig. 6) . Indeed, MD simulations of crown ether IV and calixarene VI in solution show that the electrostatic term contributions 65 to 80% to the solvent-solute interaction energy in water6' but only 15 to 35% in acetonitri1e4r6, (see Tables IV  and VI) . Therefore, in acetonitrile the MST-PC model reproduces the trend in electrostatic solvation energies for 18-crown-6 rather than in total solvent-solute interaction energies (Fig. 6) . As noted above for calixarene VI in acetonitrile, the MST-PC relative solvation energies do not follow the electrostatic component of the solute-solvent interaction energies obtained from explicit MD simulations. This may be due to specific solvation patterns. In addition, the incorporation of van der Waals components in the solvation energy becomes a clear necessity. In fact, the algorithm developed by Floris and Tomasi1O4 includes this component and allows one for the energy minimization. Recently Oronzco, Jorgensen, and Luquelo5 have shown that the MST-QM model combined with a van der Waals term gives good values of solvation energies. The cavitation energy, which qualitatively corresponds to the relaxation energy of the solvent,4° may be also included in the force field.14,31,58,'06
Discrete / Continuum Representation of the Solvent
Importance of the Explicit First-Shell Solvation. Specific solvation may play an important role in stabilization of particular conformers of a solute in solution.63r88 Thus, the early Monte Carlo simulation on the 18-crown-6 + 100 H,O cluster9' gave a clear demonstration of a specific hydration pattern of the crown as a function of its conformation. The importance of bridging hydrogen-bonded pattern for some conformers (D3d and C,) was shown. These results are confirmed in the MD simulat i o n~. "~ Specifically, two water molecules bridge two pairs of oxygens for the D,, and C, forms, and there are three such bridges for the C, form. The Ci form does not allow the bridging, but only for a few linear hydrogen bonds. Analogously, three bridging water molecules have been characterized in the K form of the 2.2.2 cryptand, leading to better hydration of this conformer compared to others:' In the MD simulations of the VI(C) form of f-butyl-calix [4] arenetetraamide in water (Fig. 8) , one solvent molecule diffuses into the hydrophilic pseudocavity at lower rim and bridges the phenolic oxygens. In this conformer, four axially oriented amidic fragments form a hydrophilic pocket, which is filled by seven or eight water molecules. Favorable interaction of these solvent molecules with the solute results in better solvation of the VNC) form compared to the VI(D) and VI(free1 conformers, in which there is no hydrophilic pocket.
In fact, specific solute-solvent interactions are present in nonaqueous solvents as well. For instance, in the MD simulations of calixrene VI in acetonitrile, one MeCN molecule is found inside the cone of the three conformers. In the VI(C) form, a second MeCN molecule is found in the pseudo cavity at the lower rim, pointing its methyl group toward the phenolic oxygens.4 Such solvent molecules may be considered as part of the solute.
The preceding examples show that the continum models meet problems when the solute binds firmly some solvent molecules (either at specific groups or via multiple cooperative interactions). In such cases, solvation models which consider the first solvation shell of the solute explicitly and the remaining solvent as a polarized continuum appear, therefore, more realistic than pure continuum methods. Another advantage of such 'Electrostatic contribution.
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, , , # ; - hybrid discrete/continuum methods is that when some solvent molecules fill pockets and clefts of the solute, the surface of this supermolecule becomes smoother.
Choice of the First Solvation Shell. A critical feature of the discrete/continuum calculations concerns the modeling of the first solvation shell. It was suggested'os-'10 that the positions of solvent molecules coincide with local minima on the hypersurface of solvent-solute interaction energy. Although this approach was successfully used in the study of hydration of uracile and c y t o~i n e ,~~~~"~ its validity is limited because it does not take into account interactions between solvent molecules and the flexibility of the solute. For polydentate solutes, the number of energy minima depends on the conformational state and may not correspond to the number of solvent molecules in the solvation shell. For instance, only two minima were observed for the interaction of one water molecule with 18-crown-6 (D,,)?' whereas according to Monte Car10~~ or MD simulations there are four water molecules in the first shell of ether oxygens.
In our discrete/continuum calculations of the 18-crown-6 and calixrene VI, the starting structure of solute + first solvation shell was taken from MD simulations in a box of water molecules. Water molecules ( n = 4 for the D,, form, n = 3 for the C, and C , forms, n = 2 for the C, form; see Table VII Consistency of the Force Field Solvation Terms. In the discrete/continuum calculations, it is desirable to achieve consistency of the discrete (Ediscr) and continuum ( Econt) components of solvation energy in relation to the explicit all-solvent representation. Ediscr and Econt should correspond, respectively, to the contribution of the first solvation shell [ E(1st shell)] and of the remaining solvent molecules [ E(outer)]. This can be achieved by writing
where the scaling coefficient K, is to put discrete and continuum energies on the same scale. We calibrated K assuming that the relative contribution of the first solvation shell should be the same in AMBER (explicit all-solvent MD calculations) as in MM2IS calculations (MST-PC solvation model).
Combining AMBER and MM2IS calculations on four clusters of 18-crown-6 (D,,, C,, C,, or Ci conformers) + nH,O led to an average value of K, = 2.8. The solvation energies calculated by eq. (10) using both K, = 1 (unscaled energy Eso,v,l) and K, = 2.8 (scaled energy Esolv,,) are presented in Table VII . One can see that the major difference in hydration energies of 18-crown-6 as a function of its conformation comes from its interactions with the first hydration shell. The outer solvation effects are similar for all forms.
To examine the consistency of the model, we performed with MM2IS several calculations of Esolv using eq. (10) on clusters containing the same solute and different numbers of water molecules n. If consistency is reached, the solvation energy should not depend on n because the decrease (increase) of the discrete component of EsOlv is compensated by the increase (decrease) of the continuum one. Data presented in Table VII show that scaled solvation energies Esolv, of 18-crown-6 are similar for the clusters containing two to four or six water molecules. On the other hand, unscaled solvation energies Esolv, are different for these clusters. Results of the discrete/continuum calculations on t-butyl-calix [4] arenetetraamide including eight first-shell water molecules (Fig. 8) are presented in Table VIII . One can see that the VI(C) form is now much better hydrated than VND), as found in the MD simulations with explicit solvent. This represents, therefore, a significant improvement relative to purely continuum calculations, in which only a slight preference of VI(C) over VI(D) was observed.
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MOLECULAR DYNAMICS WITH THE MST-PC MODEL IMPLEMENTED
In the MD simulations with continuum solvent, we mostly focus on the aspects of equilibration of the system and reduction of computation time. The MD simulation of urea in water was performed for 80 ps with !he parameters NL = 3, N D = 2, and Rmin = 0.5 A. No drift in total energy (E,,,) was observed after 8-10 ps. The solvent-solute interaction energy becomes equilibrated in 2 ps (Fig. 9) .
The computation time increases dramatically Ntes grows faster than the number of atoms. For instance, for 18-crown-6 (42 atoms), the program adds 220 spheres and 1445 tesserae, whereas for urea there are only the 8 original spheres represented by 188 tesserae, without any additional spheres.
To reduce the computation time, some calculations were performed for 18-crown-6 with N D = 1 and N L = 1. In that case, a timestep takes "only" 12 s, which is still three times larger than that in a standard MD run on 18-crown-6 in a 256 H,O box."' A possible way to reduce the computation time would be to update the geometry of the cavity every X timesteps only while calculating charges on the tesserae at each timestep. We simulated ' Calculations have been performed using a Silicon Graphics 4D-320 workstation. urea in water in five MD simulations of 20 ps with X = 1 to 5. The results showed that the cavity's surface and the solvi3tion energy are similar in the five runs, but the computation time is not significantly reduced: from 0.715 s/timestep (X = 1) to 0.610 s/timestep (X = 5).
We have not studied which value of X might give the best compromise between CPU time and accuracy. However, further increase of the value X can be inappropriate because forces arising from the tesserae might be inconsistent with the molecular geometry. This must lead to large fluctuations of the kinetic energy. We observed such fluctuations in simulations with X = 5, and we updated simultaneously the charges on the tesserae and the cavity shape.
Conclusions
The molecular mechanics calculations incorporating the MST-PC model have been performed on a set of molecules in different conformations and compared with the average solute-solvent interaction energies from MD simulations with explicit representation of the solvent. Comparison was also performed with the empirical approach used in the MacroModel software. We found that the pure continuum model of the solvent gives generally reliable trends of solvation energies and allows one to study conformational equilibria in water with low computational cost. Some discrepancies have been noticed, however, when the shape and topology of the solute allowed some first-shell water molecules to be firmly bound and to behave as a part of the solute. This led us to investigate the discrete/continuum approach, in which the first solvation shell is added explicitly to the solute. This provides more realistic results, as shown for 18-crown-6 and t-butyl-calix [4] arenetetraamide in water. To reach a consistency between the discrete and continuum energy terms, we suggested that one should scale the energy of outer continuum solvation.
Because in the MST approach only the electrostatic component of the solvent-solute interaction energy is calculated, this approach works reasonably well for aqueous solutions but fails for acetonitrile, in which the contribution of van der Waals interactions is higher relative to Esolv. In such nonaqueous :solvents, the van der Waals solute-solvent interactions must be accounted for explicitly.
The MST-PC method has been implemented in the MM2IS program package, which is designed to perform molecular mechanics calculations of rather complex systems (molecules, aggregates, etc.) in solution using continuum or discrete/continuum representations of the solvent with neutral or charged solutes.
Preliminary MD simulations on urea and 18-crown-6 in water have been performed within the MST-PC continuum model of the solvent, incorporated in the GROMOS software. Further investigations are needed to make this solvation model more efficient.
